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ABSTRACT

The superheavy magnetic monopoles predicred to exist in grand
unified theories (GUTs) are very interesting objects, both from
the point of view of wparticle physics, as well as from astro-
physics and cosmology. Astrtophysical and cosmological con-
siderations have proved to be invaluable in studying the pro-
perties of GUT monopoles. Because of the glut of monopoles
predicted in the standard cosmology for the simplest GUTs (so many
that the Universe should have reached a temperature of 3 K at the
tender age of = l0.000 yrs), the simplest GUTs and the standard
cosmology are not compatible. This is a very important piece of
information about physics at unification energies (E 2 10M% Gev)
and about the earliest moments (¢t € [073* s) of the Universe. In
this talk I review the cosmological consequences of GUT monopoles
within the context of the standard hot big bang nodel.

INTRODUCTION

In the past five vears or so progress Iin boch elementary
particle physics and in cosmology has become increasingly de-
pendent upon the interplay between the two disciplines. On the
particle physics side, the SU(3)s x SU(2)y x U(l)y model szems co



vary accuratsly describe the interactions of quarks and leptons at
energies selow. say, .03 GeVv. At the wvery least the so-called
standard model is a satisfacrory, effective low energy theory.
The frontiers of p»article physics now involve energies of much
greater chan 103 GeV-—energies which are not now available in
terrestrial accelerators, nor are ever likely to be available in
terrestrial accelerators. For this reason particle ophysicists
have turned both to the early Universe with 1its essentially
unlimited energy budget (up to 10%% GeV) and high particle fluxes
(up to 10107 cgq-2 sy, and rto variocus unique, contemporary
astrophysical environments (centers of main sequence stars where
temperatures rezach 108 ¥, neutron stars where densities reach
101%-1015 3 em™3 | our galaxy whose magnetic field can impart
1011 GeV o a Dirac magnetic charge, etc.) as non-traditional
laboratories for studying physics at very high energies and verv
short distances.

On the cosumological side, the het big bang model. the so
called standard model of cosmology, seems Cto provide an accurate
accounting of the history of the Universe from about 1072 g after
"the bang' when the temperature was about 1O MeV, wuntil todav,
some 10-20 billion vears aiter 'the bang' and temperature of about
3 K (=3 x 10°13 Gev).  Extending our understanding further back.
to earlier times and higher temperatures, raquires knowledge about
the fundamentai particles (presumably guarks and leptons) and
their interaccions at very high energies. For +this reason.
progress in cosmology has become linked fo prograss i{n elementary
particle physics.

Grand unification provides a particularly good example of the
importance of the ianterplay between particle physics and cos-
mology. GUTs give us only 2 'few windows' from our low energy
world to the physics of unification energies, the two most familar
and important ones being baryon number nonconservation and super-
neavy magnetic monopoles. Both of these predictions alsc have
profound implications for «cosmology and astrophysics. Baryon
nonconservation provides for the first time a framework for
understanding the 'baryon asymmetry of the Universe' (for a recent
review see Ref. 1). B3aryogenesis 1is a spectacular and un-
qualified success for the marriage of <osmology and GUTs, and a
useful window to very high energies and the earliest history of
the Universe. Monopoles, on the other hand, have been a cos-
mological disaster. In the standard cosmology so many monopoles
should have been produced {at least for the simplest GUTs) that
the Universe snould have reached a temperature of 3 X while still
in its infancy (c = 10,000 yrs). This is the so=-called "Monopole
Problem': the simplest SUTs and the standard cosmology are not
compatible (at least at times as early as L07I% g}, Although
somewhat discouraging, this too is an important piece of informa-
tion about phvsics at very high energies and the earliest historvw



of the Universe. Monoooles have been a real boon Zfor astro-
ohysics. 3Because of their macroscopic masses [= 1073 g in sSU(3)],
hefty magnetic charge (integer omultiple of = 69 e), and their
remarkable abilicy to catalvze aucleon decay at a prodigious
rate, mwmonepoles 1If rthey exist, should today be doing very
interesting things--contributing mass density, 'shorting out'
astrophysical magnecic fialds, and gobbling up nucleons (releasing
1 GeV per zobble) to wmention but three. Astrophysical <con-
siderarions have resuited in very stringent bounds on the {lux of
relic monopoles. I have summarized these bounds in Fig. 1, and
they will be discussed in great detail by other speakers.

In this <calk I will first briefly review the standard
COSMology. Next I will discuss monopole production in the very
early Universe, both as topological defects (the '¥ibble
mechanism') and by energetic particle collisions. The glut which
results from the Kibble mechanism in the standard cosmology is the
root of the monopole oroblem. On the other hand, 1f Kibble
oroduction can be suppraessed, we are appareatly lefr with a
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Fig. 1 Summary oI the astrophysical and cosmological constraints
on the monopele {flux as a function of monopole mass.
Wherever necessary the monopole velocity was taken to he
= 1073 ¢, The magnetic field bounds are discussed in Refs.
2-5; the bounds based upon monopole catalysis of nucleon
decay in neutron stars are discussed in Refs. 6-11l. The
most stringent bound (based upon monooole catalvsis of
nucleon decay in PSR 1929 + 10) was obtained also D>y
taking into account the monopoles that the progenitor of
this nulsar captured while it was on the main sequence.5



‘monopole famine, due to che dearth of menopeoles preduced in
energetic parcticle coilisions (although the uncertainties here are
exponential). I will cthen crace the histary of monopoles from
their birth during the earliest ooments of che Universe, through
their adolescence, until :today, with the aim of answering che
importanc questions like, where should one expect to find mono-
poles today?, and with what velocities should they be moving? I
will finish with some concluding remarks.

THE STANDARD COSMOLOGYL2

The hot btig bang model nicely accounts for the universal
{Hubble) expansion, the 2.7 ¥ cosmic microwave bpackground radia-
tion, and through primordial nucleosynthesis, the abundances of
D, “He and perhaps also 3He and “Li. Light received from the most
distant objects observed (QS0s at redshifzs = 3.3) 1left these
objects when the Universe was only a few billion years old. Thus
observations of galaxies allow us to directly probe the nistory of
the Universe to within a few %illicn vears of 'the bang’. The
surface of last scattering for the microwave YSackground 1is the
Universe about 100,000 yrs. after the bang when the temperature
was abeout 1/3 eV, Thus the microwave background (s a fossil
record of the Universe acr that very early epoch. In the standard
cosmology the epocn of big bang nucleosynthesis takes place from
t = 1072 5 - 102 s when the temperature was = 10 MeV - Q.1 He¥.
The light elements synthesized, primarily D, 34e, “HYe, and Li,
are relics from cthis early epoch, and <thus comparing ctheir
predicted big bang abundances with their inferred primordial
abundances is the most stringent test of the standard cosmology we
have at present. (HNote that T must say inferred primordial
abundance because contemporary astrophysical processes can affect
the abundance of these 1light isotopes, e.g., stars verv ef=-
ficiently burn D, and produce “*He.] At present the predicted
abundances of D, °3He, “He, and 7Li are all simultaneously
consistent with their inferred primordial abundances so long as
the number of light (¢ 1 MeV) neutrine species is less than or
equal to 4, and the baryon—to-photon ratio, n, is in the range13
(see Figs. 2 and 3):

n=(4=-7)x 10710 . (1)

The baryon-ro-~photon ratio is related to rhe fraction of critical
density contributed by baryons by,

n o= 2.83 x 1078 gn2 (2.7 ¥/T)3, (2)
where the Hubble parameter 4o = 100 h kms™! pc™!, and T is the

present temperature of Che cosmic microwave background. Jbserva=-
tions strongly suggest that: 1/2 ¢ h &1 and 2.7 K < T < 3.0 K,
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Fig. 2 The predicted primerdial abundances of D, 34e, “He. and
TLi [rl/Z(n) = ]0.6 min was used; error bar shows
Atyyg = * 0.2 min; Y, = mass fraction of “He]. Inferred
primordial abundances: Y, = 0.23 - 0.25; (D/H), 2 1075;
(D + JHe),/H ¢ 107%; (7Li/§)p = (1.1 £ 0.4) x 10710, Con=
sistency of the predicted abundances with observations can
only be achieved for n = (4 ~ 7} x 10710 (x barvon-to-
photon ratio) and VN, ¢ 4 (= number of light neutrine
species). For 4 < n/10710 ¢ 7 0.0l4 < Qy < 0.15. See
Ref. 13 for more decails.

so that the concordant range for n implies
0.014h™2 (T/2.7 K)3 < o € 0.034072 (1/3.0 K)3, (3a}
0.014 < 9y < 0.15; (3b)
implying that baryons alome cannot provide the closure density.

Note that other information we have about @O (e.g., lower
bound based upon the amount of luminous macter in the Uaniverse,
the total amount of matter associated with a galaxy) is consistent
with this range. The concordance of the predictions and obser-
vations of D and “He are particularly compelling evidence because
there 1is no known contemporary astrephysical site where the
observed amouncs of “He (= 25% by mass) and D (D/H = few x 107%)
can he produced. It is the successful »predicrtions of big bang
nucleosvnthesis that gives us confidence in the standard model
back to = 1072 5 after 'the bang'.
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Fig. 3 Summary of determinations of “He mass fraction (Y) in HII
regions as a function of the metal abundance Z (more
precisely, 2.2 times the mass fraction of *80). Where the
metal abundance is lowest, one expects the stellar con-
tribution co Y to be the smallest. The data exnhibit this
trend and clearly show the existence of a primordial “He
component of about 0.23-0.25 (by mass). For more detalls
see Ref. 13.

On the large scale (>> 100 Mpc), the Universe Ls isotropic
and homogeneous, and so it can accurately be described by the
Robertson-Walker line element!?

ds? = —dt? + R(£)2 [drd/(l1-kr?) + r2 d82 + r2 sin? 8de?], (4)

where ds? is the proper separation between two spacetime events,
x = 1, 0, or -1 is the curvature signature, and R{c) is the cosmic
scale factor. The expansion of the Universe is embodied in
R(t)~—as R(t) increases all proper (i.e., measured by meter
sticks) distances scale with R(t), e.g., the distance between two
galaxies comoving with the expansion (i.e.,, fixed v, 9, 3), or the
wavelength of a freely-propagating photon (X = R}. The k > Q
spacetime has positive spatial curvature and is finite in extent;
the k < 0 spacetime has negative spatial curvature and is infinite
in extent; the %k = 0 spacetime Is spatially flat aad is also
infinite in extent.

The evolution of the cosmic scale factor is determined by the
Friedmann equations:

gl

(R/R)2 = 81Gp/3 - k/RZ, (5a)

d(pR3) = -p d(R3), (5b)



where o 15 the cotal energv density and p [s the pressure. The
expansion rate I (also called the Hubble parameter) sets the
characreristic ctime for che growth of 2(t); H™! = e-folding time
for R. The present value of 4 is 100 nh kms~=! Mpc~! = 1
(1010 yoy=1 (1/2 < n < 1). As can be seen from Eqn. 5a model
Universes with k <« 0 eaxpand forever, while a model CUniverse with
k > 0 must eventually recollapse. Tae sign o¢f k (and hence the
geometry oI spacetime) can bte determined from measurements of 2
and H:

k /HZRZ

0 /(382/87G) - 1, (6)
=9 -1,

.where 2 = p/o..qy and o.pip = 3HZ/87G = 1.88 h? x 10729 gen”3,
From primordial aucleosynchesis we know that 1 » Oy 2 0.014. The

best upper limict to (& follows by considering the age of the
Universe:

ey = 1019 v (w7 ()T, (7

where (2) < 1 and is monotonically decreasing. The ages of the
oldest stars {in globular clusters) strongly suggest that
Ty 2 1040 vr; combining this with Egn. 7 implies that:
RF2 (Q) 2 qh?.  The function 0f2 is monotonically increasing and
asymptotically approaches (n/2)2, implving that independent of h,
Qh? ¢ 2.5. Restricting h to the interval (1/2, 1) it follows
that: 2h? < 0.8 and @ ¢ 3.2 .

The energy density contributed by nonrelativistic matter
varies as R(t)"3--due to the fact that the number density of
particles is diluted by the increase in the preper (or physical)
volume of the Universe as it expands. Fer a relativistic species
the energy density varies as R(t)™“, the extra factor of R due t¢
the redshifting of the particle's momentum {recall X = R(t)). The
energy density contributed by a relativistic species (T >> m) at
temperature T is '

g = geffﬂ'zr“/jo, (S)
where geogg 1S the number of degrees of freedom for a bosonic
species, and 7/8 that number for a fermionic species. Note that
T « R(£)~}.  Here and throughout I have raken h/2r = ¢ = k; =1,
so that 1 GeV =  (1.97 x 10~1% ¢m)”l = (1.16 x 1013 K) =
(6.37 x 10725 )71, 6 = my”2  (mpy = 1.22 x 1012 Gev);  and

1 GeV* = 2.32 x 10+7 g cm~3,

Todavy, the energy density contributed bv ralativistic par-
ticles (photons and 1 neutrino species) is negligible:
2pe] = 4 % 1073 172 (T/2.7 K)%.  However, since opgl] = R °, whils
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Pronrel R™3, early on relativistic species will dominate the
energy densitv. For R/Rto? y < 4 x 1075 (qn2)~i (T/2.7 X)*, which
corresponds to t < & x 10 ? s (Qh?)=2 (T/2.7 K)® and T > 6 eV
(th)(Z.J R/T)?, the energy density of the Universe was dominated
by relativistic vparticles. Since the curvature term varies as
R(£)™%2, it too will be small compared to the energy density
contributed by relativistic particles, and Eqn. 5a simplifies to:

B2 (R/R) = (473 ga/85)1/2 T2/myy,

(9)
= 1.66 ga'/2 T2/m,),

(valid for t < 1010 s, T > 10 eV).

Here g% counts the total number of effective degrees of Ireedom of
all the relativistic particles (l.e., those species with mass
<< T):

ge = L ge(T{/T)% = 7/8 D gy (Ty/T)® (10}
Bose Fermi
and T is the photon temperature. For example: 2x(3 K) = 3.38

(¥, 3vV); ga(few MeV) = 10.75 (v, e%, 3 vvu); gx(few 100 GeV) = 110
{(y, W* 2°, B8 gluous, 3 families of quarks and leptons, and l
Higgs doublet).

If thermal equilibrium is maintained, then the second Fried-
nmann equatiomn, Egn. 5b - conservation of emnergy, impllies chat the
entropy per comoving volume (a volume with fixed r, 8, ¢ co-
ordinates) S « sR? remains constant. Here s 1is the entropy
density, which is dominated by the contribution Irom relativistic
particles, and

s = {p + p)/T = 272 -2 T3/45, (1l)

which {s proportional to the number density of relativistic
particles. So long as the expansion 1Is adiabatic {i.e., in the
absence of entropy production) S(and s) will prove to be useful
fiducials. Tor example, at low energies (E << 101% GeV) barvon
number is effectively conserved, and so the net baryon number per
comoving volume Ny = ng(Z ny~nfg) R} remains constant, implying
that <the ratio ng/s is a constant of the expausion. Today
s = 7“7' go that

ag/s = n/7 = (6 = 10) x 107iL, (12)

Once monopole-antimonopole annihilations are no longer ia-
portant, the number of moncpoles per comoving volume Is also
conserved, Ny & R3. Comparing this to the baryon number and
entropy per comoving volume we get two rTatios which remain



constant (so long as annihilations are not important, and entropy
and baryon number are conserved) and are related to the present
average flux of monopoles in the Universe by:

<Py

1049 (ny/s){w /1073 oYem™2 sr™t 571, {13a)

(HM/TIB}(VM/]-O-3 C)Cm*z st S"i, (13h)

where wy 1s the typical monopole velocity (which will be discussed
at length later). The fraction of critical density contributed
by monopoles (Qy) is:

1]

oy = 1024 (my/s)(my/1018 Gev), (l4a)

101* <Fy>(1073 ¢/wgdem? sr s. C o (14b)
Whenever g« = constant, the constancy of the entropy per
comoving volume implies cthat T = R7l; cogether with Zg. 9 this

gives

R{t)

R(to)(e/tg)t/2, (15a)

n

t = 0.3 gal/2 myy /12,

i

2.4 x 1076 5 g,.~1/2 (T/Gev)"2, (15b)

valid for t < 1010 s and T > 10 ev.

Finally, let me mention one more important fsature of the
standard cosmology, the -existence of particle horizons. The
distance that a light signal could have propagated since the bang
is finite, and easy to compute. Photons travel on paths char=
acterized by ds? = 0; for simplicity (and without loss of
generality) consider a ctrajectory with d% = d¢ = O. The co=
ordinate distance covered by this photon since 'the bang' 1is just

t
J de'/R{t'), corresponding to a physical distance ({measured at

o
time t) of

dgt) = R(t) 7} de'/R(e") (16)
Q

= ¢/(1 - n) [for R = %, n < 1]

If{ R « t1, then this distance is finite and = t = H”l, YNote that
even if dy(t) diverges and there 1is no finite particle horizonm
(e.g+, 1if R« t7 n > 1), the Hubble radius H™! strill sets the
scale for the 'physics horizon'. Since all physical length scales
roughly e-fold in a time H™:, causallv-coherent microphvsical
orocesses can only operate over times (also distances) < H7:.
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During the radiation~dominated epoch a = |/2 and dy = 2t; the
baryon number and entropy within the horizon at time ¢ are easily
computed:

SHOR (4ﬁ/3)t3 s,

1}

0.05 g#~1/2 (my1/T)3; (17a)

Ng-or = (ng/s) x Sypg,

[l

10712 (mn1 /T3 (171)

note that I have i{mplicitly assumed the constancy of cthe baryon-
torentropy ratio in computing Ny_pyap-

Although our verifiable knowledge of the early history of the
Universe only takes us back to t = 1072 g, and T = i0 MeV, nothing
in our present understanding of the laws of physics suggests that
it is unreascnable to extrapclate back to times as early as
= 107%3 5 and temperatures as high as = 10!% GeV. At high
energies the interactiomns of quarks and leptoas are asymptotically
free (and/or weak) justifying the dilute gas approximaticn made in
Eqn. 8, and at energies below 10!° GeV quantum corrections to
general relativity are expected to be small. I hardly need to
remind the reader that 'not unreasconable' does not necessarily
mean 'correct'. Making this extrapolation, I have summarized 'The
Complete History of the Universe' in Fig. 4.

BIRTH: GLUT OR FAMINE

In 1931 Diract“ showed that if magnetic monopoles exist, then
the single-valuedness of quantum mechanical wavefunctions requires
the magnetic charge of a monopole to satisfy the quantization
condition

g =ngp, n=90, £1, £2 ...
gp = 1/2e = 69%e.

However, one is not required to have Dirac monopoles in the
theory--vyou can take 'em or leave 'em! In 1974 't HooftlS and
Polyakovi® independently made a remarkable discovery. They showed
that monopoles are obligatory in the low-energy theory whenever a
semi-simple group G, e.g., SU(S5); breaks down to a group G' x U(l)
which contains a U(l) factor f[e.g., SU(3) x 3U(2)} x U(l)]; this,
of course, is the goal of wunification. These monopoles are
associated wicth noncrivial tepology in the Higgs field responsible
for SSB, topological knots 1if vou will, have a mass my = 0{M/a)
(= 1018 Gev in SU(5); 1 = scale of $$B], and have a magnetic
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'The Complete History of the Universe'. Highlights in-
clude: decoupling (¢ = 1013 g, T = 1/3 eV) - the surface
of last scattering for the cosmic microwave background,
apoch after which matter and radiation cease to interact
and matter 'recombines' into neutral atoms (D, 1>He, “He,
7Li); also marks the Vbeginning of the formation of
structure; orimordial nucleosvnthesis (£ = 1072 3,
T = 10 MeV) = epoch during which all of the Iree neutrons
and some of the free protons are synthesized into D, 3He,
“He, and ’Li, and the surface of last scatrering for the
cosmic neutrino backgrounds; quark/hadrcn transition
(t = 1075 5, T = few 100 MeV) - epoch of 'quark enslave-
ment' |confinement <transitien in SU(3)]; W-S-G epoch
{£ = 107t2 g T = 103 GeV) - SSB phase transition as-
sociatred with electroweak breaking, SU(2) = UT(1l) - U(l):

GUT epoch (77 ¢ = 10"34% 5 7T « 10l% GeVv 77) - SSB  of the

¥
GUT, during which the 1Ddarvon asymmetry of the Universe
avolves, monopoles are produced, and 'inflation’' nmav
sccur; the Quantum Gravizy Wall (t=l0-%3 5 7T = 1012 GeV).
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charge which is a multiple of the Dirac charge.

Since there exist no contemporary sites for producing par-
ticles of wmass even approaching 10!® Gev, the onlvy plausible
production site is the =arly Universe, about 10~3% g after 'the
bang' when the teaperacurs was = O{10% GeV). There are two ways
in which monopoles can be produced: (1} as topological defects
during the SSB of the wunified group G; (2) in rmonopole=-
antimonopole pairs by energetic particle collisions. The first
process has been studied by Xibble!?, Preskilll®, and Zel'dovich
and Khlopov!®, and I will review their imporcant conclusions
here.

The magnitude of the Higgs field responsible for the SSB of
the unified group G is determined by the minimization of the free
anergy. However, this does not uniquely specify the directicon of
the Higgs field 1in group space. A monopole corvesponds to a
configuration ia which the direction of the Higgs field in group
space at different points in phvsical space 1is topologically
distinct from the configuration in which the Higgs field points in
the same direction (ia group space) everywhere in phvsical space
(which corresponds to no monopole):

+
S - - + = direction of
+ o+t + Higgs field
no monopole monopoie in group space.

Clearly monopole configuraticns cannot exist until the 5S5B
EG + G7 x ((1l)]| transition takes place. When spontaneous svmmetry
breaking occurs, the Higgs field can only be smoothly criented
(i.e., the no monopole configuration)} on scales smaller than some
characteristic correlation length 3. On the wmicrophvsical side,
the inverse Hdiggs mass at the Ginzburg temperature (TG) sets such
a scale: E = mfl(TG) (in a second-order phase transition)20.
{The Ginzburg temperature 1is the temperature at which it becomes
improbable for the Higgs field cto fluctuate between the SSB
minimum and 9 = C.] Cosmological considerations set an absolute
upper bound: £ ¢ dH(= t in the standard ccsmology). [Note, even
if the dy(t) diverged, e.g., because R = t® (n > 1) for t < ¢y,
the physics horizon H™! sers an absolute upper bound on 5, which
is numerically identical.] On scales larger than £ the Higgs
field must be uncorrelated, and thus we expect of order 1 monopole
per correlation volume (= £3) o be produced as a topological
defect when the Higgs field freezes out.

Let's focus on the case where the phase transition is either
second order or weakly-first order. Denote the critical
temperature for the tramsition by T, [= 0 M)), and as %efore thae
monopole mass by my = 0(M/a). The age of the Universe when T = T,
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pae

s ziver in the standard cosmology by: . = 0.3 g*'lfz o lfTCZ,
£. Eqn. 15b.  For SU(5): T_ = l0* CeV, my = 10!8 GeV and
o = 1073%. 5. Due to the fact that freezing of the Higgs must be
uncorrelated on scales 2 &, we expect an initial monopole abun-
dance of 0(l} per correlation volume; using dyft.) as an absclute
upper bound on ¢ this leads te:  {my); = 0(1) t.”3.  Comparing
this to our fiduecials Syor and Np_gggr, we find that cthe initial

menopole=to—entropy and monopole—to-baryon number ratios are:

TN

my/s > 102 (T /m. )3, {
1 - ciTple 0

—
Co

]

—

my/ng > 1002 (T /my)3. (18b)

Preskill'® has shown that vunless my/s is > 10-10 mornopole=
antimonopole annihilations do not significantly reduce the initial
monopole abundance. If ny/s > 107!0 he finds that my/s is reduced
to = 10740 by annihilations. For T, < 1015 GeV our estimate for
ny/s is < 10710 and we will find that in the standard cosmology
T, must de <L 1015 GeV to have an acceptable monopele abundance,
so for our purposes wWwe can ILgnore annihilations. Assuming that
the expansion has been adiabatic since T = Tc, this estimate for
ny/s translates into:

<Fy> = 1073 (T_ /1014 GeV)3 cm=2 sr~l 57t (15a)

<ay>

"

10 Y (T /101" GeV)3(my/1016 Gev) (19b)

--a flux that would make any monopole hunter/huntress ecstatic,and
an Oy that is unacceptably large (except for T. << 10!* GeV). as
was discussed previously, ¢ can be atr most O%few), so we have 3
very big problem with the simplest GUTs {in which T, = 101% Gev).
This 1is the so-called 'Monopole Problem'. The statement that
Qy = 10} for T. = 10" GeV 1is a bit imprecise; clearly if k <O
(corresponding to & < l) monopole production cannot clese the
Universe (and in the process change the geometry from being
infinite in extent and negatively-curved, to being finite Iin
extent and vpositively-curved). Mlore precisely, a large monopole
abundance would result in the Universe becoming matter—dominated
much earlier, at T = 103 GeV (T_/10}% Gev)3 (my/10'® GeV), and
eventually reachin% a remperature of 3 K at the young age of
t = 10% yrs (T./101% Gev)—3/2 (my /1018 GeV=1/2,  The requirement
that Qy < 0(few3 implies that

Te < 1011 Gev (fy < few)

where [ have taken my to be C(100 T.). Note, given our generous
estimate for £, even this is probably not safe; if one had a GU

in which T, = 1011 GeV & more careful estimate for £ would be
called for.



The Parker bound“*™ {sae Fig. 1) on the average monopole flux
. - - =5 -1 -1 - . .

ia  the galaxy, <Fy> < 10 15 ¢m™2 sz7% s7%, results in a slightly
more stringent constraiat:

T. < 1019 Gev (Parker boundj

The =ost cestrictive constraints on T. follow <Irom the

neutron star caralysis bougds on the monopole flux?'ll, and the
most rastrictive of thosed, <Fy> <€ 10727 cm™% sri s7!, implies
that

To < 10° GeV (Neutron star catalysis bound)

»

Nota, o obtain zhese bounds I have compared my astimate for
the average owonopolae flux :ia the Universe, Egn. !%, with the
astrophysical bounds or the average Ilux of wmonopoles in our
zalaxy. If oonopoles cluster in galaxies (which I will later
argue is unlikely), then the average galactic flux cf oonopoles is
greater than the average flux of monopoles in the Universe, making
the above bounds on T, more rescriccive.

If the GUT transition is strongly first order (I am excluding
inflationary Universe scenarics for the moment), then the tran-
sition will proceed by Dbubble nucleation at a ‘temperature
T, (< T.), whem the nucleation rate becomes comparable to the

expansicn rate H. Within each bubble the Higgs field is cor-
related; however, the Higgs field in diZferent bubbles should be
uncorrelated. Thus one would expectc O{l) monopole per “Subble to

e produced. When the Universe supercools to & temperature T,,
bubbles nucleate, expand, and rapidly fill all of space; if ry is
the tvpical size of a bubble when this occurs, then one expects my

to be = rb'3. After the bubbles coalesce, and the Universe
reheats, the entropy density is once again s = g& T.°, so_that the
resulting monopole to entropy ratio is: Mty /s = %g* rb3 TC3)”1.

Guth and Weinberg?l! Thave calculated rg and find that
ry = (mpl/Tcz)/ln(mﬁl“/Tc“), leading to a relatively accurate
estimate for the monopole abundance:

me/s = (1o " /T (T /mp) )] 3,

which 1is even more disasterous than Cthe estimate fZor a second
order phase transition (recall, however, estimace {18) was an
absolute lower bound].

The bottom line is that we have a serious problem hera-—the
standard cosmology extrapolated back to T = T. and the simplest
GUTs are incompatible (to say rthe least). Nme (or Hoth) rust be
aodified. This is a valuable piece of informaticn.
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A number of possible solutions have been suggesced. To date
the most attractive is the new inflationary Universe scenario
{(which will be discussed at length by P. Steinhardt). In this
scenario, a small region (size ¢ the horizon) within which the
Higgs field could be correlated, grows to a size which encompasses
all of the presently observed Universe, due to the exponential
expansion which oceurs during the phase transition. This results
in less than one monopole in the entire observable Universe (due
to Kibble production).

Let me very briefly review some of the other attempts to
solve the monopole problem. Several people have pointed out that
if there is no complete unification [e.g., if G = H x U(l)}. or if
the full symmetry of the GUT is not restored in the very early
Universe (e.g., 1if the maxioum temperature the Universe reached
was < T., or if a large lepton number??, nr/ny, > 1, prevented
symmetry restoration at high temperarures), then there would be no
monopole problem. However, none of these possibilitlies seems
particularly attractive.

Several authors?372% have studied the possibility that
nonopole-antimonopole annihilation could be enhanced ovar
Preskill's estimate, due to 3-body annihilations or the gravita-
tional clumping of momopeles (or both). Taus far, this approach
too has been unsuccessful.

Bais and Rudaz?’ have suggested that large fluctuations in
the Higgs field at temperatures near T. could allow the monopole
density to relax to an acceptably small value. They do not
explain how this mechanism <can produce the acausal correlations
needed to do this.

Mechanisms have Dbeen proposed in which monopocles and anti-
monopoles form bound pairs connected by flux tubes, leading to
rapid monopole-antimonopole annihilation. For example, Linde28
proposed that at thigh temperatures coler magnetic charge is
confined, and Lazarides and Shafi? proposed that monopoles and
antimonopoles become connected bv Z° flux tubes after the
SU(2) x U(l) SSB phase transition. In both cases, however, the
proposed flux tubes are not topologically stable, nor thas ctheir
existence even been demonstrated.

Langacker and Pi30 have proposed a solution which does seem
to work. It is based upon an unusual (and perhaps contrived)
symmetry breaking pattern for SU(S):

SU{5) » SU(3) x SU(2) = U(L) » SU(3) + SU(3) x U(L)
To = 101% Gev Ty Ty

e —————p———

superconducting phase



te .{ <ou.l te agual o T... The =ay Ca2ature 2 nelr scenaris
i3 e zwistance of naa sooen ST = T: + Do) inm which the I(1) of
zlacrTomagnerism is sdoncactescusly arcken (a superconducting
shasa}; Jduring :iis epoch Tagnaetiz Tilux musC be confinad o flux
tabes, l2adiaz o che :anihilaticn of the o2onopcles and anci-
soncpoles wnicn were 2roduced esarliar on, at the GUT transition.
Alzhough sowmewnac contrived. :their scenario aprears o Dbe viable
{nowever. I'll hava more <o say adout it shortly).

Tinaily, ocne could inveks the Tcoth Fairy in the guise of a
perfect zannihijacion scheme). I. weinberg3! thas recentlvy made a
very interecsting polnt regarding 'naerfz2ct annihilacion schemes',
waich appliss to the Langacker-?i scenario3?, and even to a Tooth
Fairy whnich cperates causallv. Although the Kibble mechanism
rasulzs in aqual =umbersz <l aonopeles and antiooncpcles being
procucea, I. welnberg zoints cut zhat in a finite volume there can
be magnetic charges Iluctuaticns. He shows that If the Higgs field
'Ireezes cut' it T = T, and i3 uncorralated on scales larger than
rhe  Tworizoz ac  thac cime, haen  he expectad rnet M8 magnecic
charge 1o a volume V which Is rueh bigger *ham the horizon is

dme ¥ (V/E3)H3, (20)
He chen considers a perfact, causal annihilation mechanism which
operaces from T = T; + 77 (2.g., Zormation of flux :tubes between
monopoles and antimonocpoies). At best, this wmechanism could
reduce Che monovole abundance down o the ner ™S magnetic zharge
contained In the hfnorizonm at T = T;, leaving a final monopole
abundance oI

n2 w2 :

wyos = 09 T ot an T, (22
resulting :in

2y > 0.1 (T /101% GeV)(my/10%5 GeV)(T,/108 Gev)Z, (22a)

<Fu> > 10715 (T./101% Gev)(T,/108 Gev)2 cm™2 sr™! s™i.

It is difficult to imagine a perfect annihilation
could operate at temperatures ¢ 103 GeV, without having

(22b)

mechanism which
to modilv

the standard SU(2) x U(1l) electroweak theory; for T. = 10l“GeV and

=

Ty = 109 Gev, E.
2 10725 ¢p72 g1l g7l uhich
stringent neutron star catalysis

In
argunent
and

a recgent preprint
about the significance

provides several

Weinberg's argumentc3!
would be in conflict

A. VilenkiniZ

counterexamples.
preprint Lee and E. Weinbvergd? refute
and provide the ragults of numerical simulatiens which

implies that <Fy> must be
with the most
bound®, M < 10727 cm™2sr™l 57t

I

E. Weinberg's
of magnetic charge fluctuations,

In an even nore recent
Vilankin's countarexamples,

support E

disputes
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Weinberg's original conclusions3lt. Clearly, this important issue
is not settled yet. It does, however, seem clear that a perfect
annihilation mechanism which operates down to a temperature T can
de no better than to reduce the monopole abundance to 1 per
horizon volume at T = Ty, or my/s = 102 (Tz/mpl)a—-to do better
would require Higgs £field correlations on scales larger than the
horizon. Therefore, at the very best, the T.'s in Eqns. 22a,b
could be replaced by T,'s.

Finally, I should emphasize that the estimate of my/s based
upon § ¢ dy{t) {s an absolute (and very generous) lower bound to
q/s- Should a model be found which succeeds in suppressing the
monopolex abundance to an acceptable level (e.g., by having
T. << 10f% GeV or by a perfect annihilation epoch), then the
astimate for £ nust be refined and scrutinized.

If the glur of monopoles produced as topological defects in
the standard cosmology can be avoided, then the only production
mechanism is pair production in very energetic particle col-
lisions, =.g., particle(s) + antiparticles(s) » monopole + anti-
monopole. [0f course, the 'Xibble production' of monopoles might
be consistent with the standard cosmology (and other limits to the
monopole flux) 1f the SSB tramsition occurred at a low enough
temperature, say << C(10!0 Gev).]  The numbers produced are in-
trinsically small because monopole configurations do not exist in
the theory until SSB occurs (T, = M = scale of 5SB), and have a
mass O(M/a) = 100 M = 100 T,. For this reason they are never
present in equilibrium numbers; however, some are produced due to
the rare collisions of particles with sufificient energy. This
results in a present monopole abundance of 34736

my/s = 102 (mM/Tmax)a exp(=2my /Tiax? s ' (23a)

Wy = 1026 (mﬁflols GEV)(mM/Tmax)a exp(~2my/Trax)> (23b)

CFy> = 1012 co™2 g™l s7H(my/Tpax)? exp(-2my/Trax), (23¢)
where Ty, is the highest temperature reached after SSB.

In general, [:H/Tmax = 0{100) so that i = 0¢(107%%) and
<Fy> = 0(10732 cn™2 sr7! s71)--a negligible number of monopoles.
However, the number produced is exponentially sensitive to
my/Tpay» SO Chat a factor of 3-5 uncertainty in oy/Tp,x introduces
an enormous uncertainty im the predicted production. For example,
in the new inflationary Universe, the monopole mass can he = the
Higgs field responsible for 55B, and as that field oscillates
about the SSB - minimum during the reheating process my also
sscillates, leading to enhanced monopole production (o /Tmax 10
Eqns. 23a, b, ¢ is replaced by fm(/T , where f < 1 depends upen
rhe details of reheating; sse Refs.m%§, 38].
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Cosnolcozy seems to  leave the zoor Tonopole hunter/huncress
with twe firm predictions: that there should be egqual numbers of
north and south poles; and that <ither far too few %o detect, or
far toc many to be counsistent with the standard cosmology should
have teen produced. The detection of any superheavy monopoles
would necessarily send theorists back £o their chalkboards!

FROM BIRTH THROUGH ADOLESCENCE (¢ = 1073% 3 to t = 3 x 1017 3)

As sentioned in the previous section, menopoles and anti-
monopeles do not annihilate in significant numbers; Thowever, they
do interact with the ambient charged particles (a.g.,

— - i ’ L)
monopole + 27 « monopole + 2¥) and thereby stay in kinetic
Sqoa . v s . . +* . e ——
equilidrium (XE = 37/2) wuntil cthe epoch of e annihilatioms
(T = 1/2 MevV, = = 10 s3. At the time of e® annihilations mono-

poles znd antimonopoles should have internal velocity dispersions
of

N - - \wr‘
Cog?71/2 2 30 em 5T (1016 GeV/my) Ml

After this monopoles are effectively collisionless, and their
velocity dispersion decays « R(t)"!, so rthat if we neglect
gravitational and wmagnetic effects, today they should have an
internagl velocity dispersion of

o222 2 1078 cp 5T (1018 GeV/mM)llz-

Since zhey are collisionless, only their velocitvy dispersion can
support them against gravitationmal collapse. With such a small
velocity dispersion to support them they are gravitationally un-
stable on all scales of astrophysical interest (Ar.,ng = 1078 LY).

After decoupling (T = 1/3 eV, t = 1013 5) [or the epoch of
matter domination in scenarios whare the mass of the Universe is
dominated by a nonbaryonic component), matter can begin to clunmp,
and structure can start to form. ‘onopoles, zoo, should clump and
participate in the formation of structure. However, since ~thev
cannot dissipate their zravitational energy, they cannot collapse
inteo the more condensed objects (such as stars, planecs, the disk
of the galaxy, =tc.) whose formation clearly must have involved
the dissipation of gravitational energy. Thus, one would oniv
expect to find monopoles in structures whose formation did not
ragquire dissipation <{such as clusters of galaxies, and galactic
haloes). However, galactic thaloes are not likely te be a safe
haven for =Tonopeles in galaxies with magnetic <£fields; monopoles
less massive than about 1029 GaV will, 1in less than 1010 vrs,
gain sufficient KXE from a magneric field of strength 2
few x 1078 G to reach escape velocity®. So we are led cto the
conclusicn that iaitiallv monopoles should <either be uniforalv
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distributed through the cosmos, or clumped in clusters of galaxies
or in the halces of galaxies with weak or aon-existent magnetic
fields. . Since our own galaxy has a magnetic field of
strength = few x 1078 G, and is not a member of a cluster of
galaxies, we would expect the Ilocal flux of monopoles to be not
too different from the average monopole flux in the Universe.

Alchecugh ronopoles initially have a very small iInternal
velocity dispersion, there are wany mechanisms for increasing
their velocities. First, typical peculiar velocities {i.e.,
velocities relative to the Hubble flux) are C0(1072 ¢), leading to
a typical monopole-galaxy velocity of 1073 ¢, Monopoles will be
accelerated by the  gravitational fields of gzalaxies (to
= 1073 ¢ = orbital velocity in the galaxy), and if they encounter
them, clustars of galaxies (to = 3 x 1073 ¢). A typical monopole,
however, will never encounter a galaxy or a cluster of galaxies,
the respective mean free paths being: L é = 1026 em
(= 1072 ¢ x age of the Universe) and L.jusger = 2 * 1322 cq.

lonopoles will aiso be accelerated by magnetic fields. The
intragalactic magnetic field stremgth is ¢ 3 x 1071 G (Ref.39),
and results in a monopole velocity of

w = 3 x 107% ¢ (B/107L1 G)(1016 GeV/my).

The galactic magnetic field will accelerate monopoles in  our
galaxy to velocities of“

w = 3 x 1073 ¢ (1015 Gev/my)!l/2.

Taking all of these 'sources of valocity' into account, we
can make an educated estimate of the typical moncpole-detector
relacive veloecity.

From Table ! below it should be clear that the ctypical
monopole should be moving with a velocity of at least a
few x 1073 ¢ with respect to an earth-based detector. It goes
without saying cthat 'this fact' is an important consideration for
detector design.

Although planets, stars, etc. should be monopole-free at the
time of +their formation, they will accumulate wmonopoles during
their lifetimes. The number captured by an object is where i, R

Ny = (4xR2)(7 ~ sr)(l + 2GM/Rwy)<Pydet, (26)

and T are the . mass, radius and age of the object, wy I8 the
monopole valocity, and € 1is the efficiency with wnich the object
stops monopoles which strike its surface. The efficiency of
capture ¢ depends upon the mass and velocity of the nmonopole, and



Table 1. Tyvpical MMonopole-Detector R=lative Velagities

DETECTOR VELOCITY MONOPOLE VELQCITY
orbit in 2/3 x 1073 ¢ galactic 3 x 1073 ¢ (10l® GeV/mH)L/Z
zalaxv 3-field
orbit in 107 ¢ grav. acceleration 1073 ¢
solar system by galaxy
grav. acceleration 1074 ¢
by sun
menopole-galaxy 1073 ¢

relative velocity

its rate of energy loss in the object. The guantity

(I + 2@M/R w=) is just the ratio of the capture cross section to
the geowmetric «cross section. Main sequence stars of nmass
(0.6 - 30)M, will capture monopoles 1less massive than about
1018 GevV with velocities ¢ 1073 ¢ with good efficiency (e = l);
in its main sequence lifetime a star will capture approximately
1024 F_;¢ monopoles*? (essentially independent of its mass). Here
Fy> = Foyp 10716 om™2 gr7t g~ Neutron stars will capture
monopoles. less massive than about 1020 Gev with velocitias
{ 1073 ¢ with unit efficiency, capturing about 102! F-.1¢ monopoles
in 1040 yrs. Planets like Jupiter can stop nonopoles less massive
than about 10}® GeV with velocities ¢ 103 ¢, accumulating about
1022 F-15 monopoles in 1019 yrs.*l. 4 planet 1like the earth can
only stop light or slowly-moving monopoles (for my = 10'® GeV, w,
must be < 3 x 1075 ¢). Once inside, monopoles can do interesting
things, like catalyze nucleon decay, which keeps the object hot
(leading to a potentially observable photon flux), and eventually
depletes cthe object of all its nucleons. A monopele flux of
Flpp 10721 cm™ sr7l s7! will cause a neutron star o evaporate
in  10il F-py-1/2 vrs, a Jupiter-like planet to evaporate in
5 x 1015 F-g1-L/2 yrs, and an Earth-like planet to evaporate in
10L8 F'--21'l'/2 yrs“z. Accretion of monopoles by astrophysical
objects, however, does not significantly reduce the monopole flux;
the mean free path of a monopole in the galaxy is = 1042 cm.

CONCLUDING REMARKS
What have we learned about GUT monopoles? (1) Thev are

exceedingly interesting objects, which, 1if they exist, must be
ralics of the earliest moments of the Universe. {2) Thev are one
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of the very Zew predictions of GUTs that we can atiempt toc verify
and study in our low energy environment. (3) Becuase of the glut
of monopoles that should have been produced as topological defects
in the very early Universe, the simplest GUTs and the standard
cosmology (extrapolated back to times as early as = 1073% s) are
not compatible. This is a very important piece of information
about physics at very high energies and/or the earliest moments of
the universe. (4) There is no believeable prediction for the flux
of relic, superheavy magnetic monopoles. {5) Based upon astro-
physical considerations, we can be reasonably certain that the
flux of relic monopoles is small. Since it is not obligatory that
monopoles catalyze nucleon decay at a prodigious rate, a firm
upper limit to the flux is provided by the Parker
bound*3, <Fy> ¢ 10715 cm™2 sr7! s7i.  Noce, this is not a pre-
dicted flux, it is only a firm upper bound to the flux. It is
very likely that flux has Lo be aven smaller, say
< 1078 cn™2 sr™} sl or even 10722 cm™? sr7l s7l. (6) There is
every reason to believe that typical monopoles are moving with
velocities (relative ce us) of at least a few x 1073 ¢. [Alchough
it is possible that the largest contribution to the local monopole
flux is due to a cloud of monopoles orbiting the sun with
velocities = (1 = 2) x 10™% ¢, 1 think chat it is  very

unlikely.“*~%5]

Based upon che- above (not unbiased) 'list of facrs', I
believe that when designing a monopole detector, the monopole
hunter/huntress must give highest consideration to building a
detector which is sensitive to a wmonopole flux at least ag small
as 10715 cm™2 gr~! s7l, for wmonopole velocities = 107370.5 ¢,
The risks involved in monopole hunting are very great, but the
potential payoff is even greater!

1 apologize for any omissions I may be guilty of in this
mini-review of monopoles and the standard cosmology. More com=
plete reviews can be found in Refs. 36 and 46. This work was
supported by the DoE at Fermilab and Chicago (ACO280ER107734004),
by NASA at Fermilab, and by an Alfred P. Sloan Tellowship.
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